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A fiber reinforced glass matrix composite has a glass matrix 
or glass cerami c and a plurality of primary and secondary 
reinforcing fibers dispersed in the matrix. The primary fibers 
may be continuous or discontinuous. The secondary fibers 
are discontinuous. The secondary reinforcing fibers which 
are shorter than the primary fibers fill regions of the matrix 
not filled with the primary reinforcing fibers. The composite 
may be made by uniformly distributing the secondary rein- 
forcing fibers in a dispersant. A glass powder is mixed in a 
carrier liquid to create a slurry and the secondary reinforcing 
fibers and dispersant are slowly added to the slurry so the 
fibers uniformly disperse as they are added. A binder is also 
added to the slurry. A continuous fiber is impregnated with 
the slurry and the impregnated fiber is dried to remove the 
carrier liquid. The impregnated yam is cut to a suitable 
length and molded by a suitable molding method to form a 
fiber reinforced glass matrix composite. 

7 Claims, 1 Drawing Sheet 
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FIBER REINFORCED GLASS MATRIX 
COMPOSITES WITH SECONDARY MATRIX 
REINFORCEMENT 



TECHNICAL FIELD 

This invention relates to fiber reinforced glass matrix 
composites. 



BACKGROUND ART 



10 



30 



Fiber reinforced glass matrix composites have, in recent 
years, come to replace metal in many services requiring high 
strength, stiffness, and light weight. Among the more com- 
mon fiber reinforced glass matrix composites are carbon 15 
fiber reinforced composites. Such composites can be found 
in products ranging from sporting goods to jet engines. 

Carbon fiber reinforced glass matrix composites 
(CFRGM composites) typically comprise a glass or glass- 
ceramic matrix in which carbon fibers are imbedded. The 20 
carbon reinforcing fibers may be either continuous or dis- 
continuous depending on the application. Continuous fibers 
extend for the entire length of a composite article, while 
discontinuous fibers, which are significantly shorter than 
continuous fibers, provide more localized matrix reinforce- 25 
ment As a result, continuous CFRGM composites are often 
used for load bearing structural applications, while discon- 
tinuous CFRGM composites are more suitable for nonload 
or low load bearing nonstructural applications. Discontinu- 
ous CFRGM composites are especially suitable for articles 
having complex shapes. 

The interaction between the carbon fibers and the matrix 
gives CFRGM composites superior mechanical properties 
that make them suitable replacements for metals. The fibers 35 
contribute to the composite's strength and elastic modulus 
by absorbing loads transferred from the matrix through 
fiber-matrix interfacial bonds. The fibers also improve the 
composite's toughness by inhibiting or blunting the forma- 
tion of cracks in the matrix. In addition, carbon fibers ^ 
exposed at the surface of the matrix impart their good 
lubricating properties to the composite. 

Despite their overall superior mechanical properties, 
CFRGM composites, especially injection molded discon- 
tinuous CFRGM composites, can have low Weibull moduli. 45 
The Weibull modulus is a statistical measure of the spread in 
mechanical property data, such as flexural strength data, for 
many composite samples. A lower Weibull modulus' indi- 
cates a greater spread in the data. A low Weibull modulus 
can be undesirable because it can require engineers to apply 50 
a large design allowance to articles to ensure reliability. This 
can require articles to be larger and heavier than if the 
material had a higher Weibull modulus. As a result, materials 
with high Weibull moduli are desirable, especially for appli- 
cations in which size, weight, and reliability are important 55 
considerations. 

CFRGM composites, like other carbon-containing com- 
posites, are susceptible to carbon oxidation. This problem is 
exacerbated by the presence of matrix microcracks that form / 
during fabrication as a result of a thermal expansion mis- 60* 
match between the glass matrix and carbon fibers. Microc- 
racking is especially extensive in composites with discon- 
tinuous fibers because of the complex stress states arising ( 
from the random three-dimensional arrangement of the 
fibers. Matrix microcracks provide channels that permit 65 
oxygen to penetrate the matrix, providing the opportunity 
for carbon fibers in the interior of the matrix to oxidize when 



exposed to elevated temperatures. Carbon fiber oxidation 
can quickly destroy the composite's strength and lubricity, 
making carbon fiber composites unsuitable for certain appli- 
cations or requiring frequent replacement of parts con- 
structed from these composites. 

Accordingly it would be desirable to have a CFRGM 
composite that has a high Weibull modulus, improved 
reliability, resists oxidation, and maintains its strength and 
lubricity, particularly at high temperatures. 

DISCLOSURE OF THE INVENTION 

The present invention is directed towards a CFRGM 
composite that has a high Weibull modulus, improved 
reliability, resists oxidation, and maintains its strength and 
lubricity at high temperatures. 

One aspect of the invention includes a fiber reinforced 
glass matrix composite that has a glass o r glass-ceramic 
matrix , a plurality of continuous or discontinuous primary 
reinforcing fibers dispersed in the matrix, and a plurality of 
discontinuous secondary reinforcing fibers dispersed in the 
matrix. The secondary reinforcing fibers which are shorter 
than the primary fibers fill regions of the matrix not filled 
with primary reinforcing fibers. 

Another aspect of the invention includes a method of 
making a fiber reinforced glass matrix composite. A plurality 
of secondary reinforcing fibers are uniformly distributed in 
a dispersant. A glass powder is mixed in a carrier liquid to 
create a slurry and the secondary reinforcing fibers and 
dispersant are slowly added to the slurry so the fibers 
uniformly disperse as they are added. A binder is also added 
to the slurry: A continuous fiber is impregnated with the 
slurry and the -impregnated fiber is dried to remove" the 
carrier liquid. The impregnated fiber is^cut to a suitable 
length and molded by a suitable molding method to form a 
fiber reinforced glass matrix composite. 

These and other features and advantages of the present 
invention will become more apparent from the fallowing 
description and accompanying FIGURE. 



BRIEF DESCRIPTION OF THE DRAWING 

The FIGURE is a scanning election micrograph of a 
composite of the present invention that contains primary and 
secondary reinforcing fibers and boron nitride secondary 
reinforcing particles. 



BEST MODE FOR CARRYING OUT THE 
INVENTION 

A composite of the present invention has, in the simplest 
case, a matrix and a plurality of primary and secondary 
reinforcing fibers dispersed in the matrix. The secondary 
reinforcing fibers fill matrix-rich areas that would otherwise 
not be reinforced with primary reinforcing fibers and act as 
a secondary reinforcing phase. 

The matrix may be any glass or glass-ceramic t hat impar ts 
formarn l litv. thermal stamlitv. and rihraslflrT TgSlstancfi m the 
] comp osite. Suitable glass materials include borosilicate 
^filtm, mffl ii|irn rrtntnnt filrm, aluminosilicate glass, and 
mixtures thereof. Suitable glass-ceramic materials include 
y lithium aluminosilicate and other conventional glass-ceram- 
Mcs such as aluminosilicate; barium-magnesium aluminosili- 
cate, barium aluminosilicate, magnesium 'aluminosilicate, 
calcium aluminosilicate, and combinations thereof.. 
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Borosilicate glass is the preferred matrix material because 
it is more easily processed than other materials and pos- 
sesses satisfactory thermal stability. Suitable borosilicate 
glasses include Corning Code 7070 and Corning Code 7740 
(Coming Glass Works, Coming, N.Y.). Corning Code 7070 5 
glass is especially preferred because its lower viscosity 
characteristics make composite articles easier to manufac- 
ture. Corning Code 7070 glass has a tensile modulus of 
7.4xlO a pounds per square inch (psi), a density of 2.13 
grams per cubic centimeter (g/cm 3 ), a coefficient of thermal 1Q 
expansion (CTE) of 32xl(T 7 centimeter per centimeter per 
degree Celsius (cm/cm°C.), an anneal point of 496° C, a 
softening point of 760° C, and a working point of 1068° C 
Corning Code 7740 glass has a tensile modulus of 9.1xl0 6 
psi, a density of 2.23 g/cm 3 , a CTE of 32.5x1 CT 7 cm/cm°C., J5 
and anneal point of 560° C, a softening point of 821 ° C, and 
a working point of 1252° C. 

Both the primary, and secondary reinforcing fibers may be 
any monofilament fibers or multifilament yarns that are 
conventionally used to reinforce glass or glass-ceramic .20 
matrices. For example, the reinforcing fibers may be c arbon , 
carbide, such as silicon carbide, nitride, s uch as silicon 
ni tride, or oxide. Su itable fibers based on silicon carbide 
include the NICALON® family of fibers (Nippon Carbon 
Ltd., Tokyo, Japan) and the TYRANNO FIBER® family of 25 
fibers (Ube Industries Ltd., Ube City, Japan). Suitable fibers 
based on silicon nitride include HPZ fibers (Dow-Coming, 
Inc., Midland, Mich.). Preferably, the primary and secondary — 
reinforcing fibers will be carbon fib ers, especially carbon 
fibers that have a tensile strength greater than about 300x1 0 3 30 
psi, a tensile modulus greater than about 35x1 0 6 psi, and are 
stable in an inert atmosphere at temperatures up to about 
1400° C. While monofilament fibers may be used, multifila- 
ment carbon yams are preferred. A multifilament carbon 
yam with an average filament diameter of about 6 microns 35 
(um) to about 10 um, and particularly about 7 \im to about 
10 um is especially preferred. Suitable carbon yams include 
HMU™ (Hercules Corporation, Wilmington, Del.), HM-S 
(Hysol Grafil Co., Pittsburg, Calif.), P-100 (Amoco Perfor- 
mance Products, Ridgefield, Conn.), and FORCA FT700 40 
(Tonen Corporation, Tokyo, Japan). The HMU™ yam is 
available with 1000, 3000, 6000, or 12,000 fibers per tow 
and an average fiber diameter of 8 um. It has a tensile 
strength of 400x1 0 3 psi, a tensile modulus of 55xl0 6 psi, a 
CTE of-7xl0~ 7 cm/cm°C, and a density of 1 .84 g/cra 3 . The 45 
HM-S fiber has a diameter of 6.6 um and the same mechani- 
cal properties as the HMU™ yam. The P-100 fiber has a 
tensile strength of 325X10 3 psi, a tensile modulus of 105x 
10° psi, a CTE of-16xl0" 7 cm/cm°C., and a density of 2.16 
g/cm 3 . The FT700 yam has a tensile strength of 500xl0 3 psi, 50 
a tensile modulus of 100x10° psi, a CTE of -15xl0~ 7 
cm/cm°C, and a density of 2. 14 g/cm 3 . The HMU™ fiber is 
preferred for discontinuous reinforced composites because 
of it's inherently higher failure strain. 

Depending on the application, the primary reinforcing 55 
fibers may be either continuous or discontinuous. If the 
primary reinforcing fibers are continuous, their length and 
orientation should be compatible with conventional continu- 
ous fiber reinforced glass matrix composite molding tech- 
niques. If the primary reinforcing fibers are discontinuous, 60 
they may be about 3 mm (0.125 inch) to about 25 mm (1 
inch) long. Preferably, discontinuous primary reinforcing 
fibers will be about 6 mm (0.25 inch) to about 12.7 mm (0.5 
inch) long and, most preferably, about 12.7 mm long. The 
secondary reinforcing fibers should be shorter than the 65 
primary fibers, although they should have a diameter of the 
same order of magnitude as the diameter of the primary 
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fibers. In particular, the secondary reinforcing fibers may be 
about 0.5 mm (0.02 inch) to about 2 mm (0.08 inch) long. 
Preferably, the secondary reinforcing fibers will be about>0.8 
mm (0.03 inch) to about 1.2 mm (0.05 inch) long. Most 
preferably, the secondary reinforcing fibers will be about 1 
mm (0.04 inch long). The distribution of discontinuous 
primary and secondary reinforcing fibers in the matrix 
should be homogeneous and random. 

To improve the oxidative stability and lubricity of the 
composite of the present invention, the composite also may 
include a plurality of boron nitride (BN) particles dispersed 
in the matrix as an additional secondary reinforcing phase. 
The BN reinforcing particles may be any conventional 
shape, including rods, discs, platelets, or spheres. Discs and 
platelets are the preferred shapes. Preferably, the particles 
will have an aspect ratio of at least 5:1 and will be no more 
than about one-half the diameter of the reinforcing fibers in 
any direction. Disc-shaped particles, for example platelets, 
with an aspect ratio of about 5:1 have a normalized tough- 
ening increment of 1,25-1.5. The normalized toughening 
increment is a theoretical parameter in which 1.0 indicates 
no matrix toughening, while values greater than 1.0 indicate 
the relative degree of matrix toughening. Higher aspect 
ratios would provide even greater normalized toughening 
increments. Most preferably, the BN particles will be no 
more than about 10% to about 40% of the diameter of the 
carbon fibers in any direction. Preferably, distribution of the 
BN particles throughout the matrix will be homogeneous 
and random. BN platelets with a diameter of about 0.5 um 
to about 2.0 um diameter and a thickness of about 0.10 um 
or less are particularly suitable for use in carbon fiber 
reinforced borosilicate glass composites in which the pri- 
mary reinforcing fibers have a diameter of about 7 um to 
about 10 um. Suitable BN platelets include hexagonal BN 
(Cerac, Milwaukee, Wise.), HCP, HPF, and MW-5 BN 
(Union Carbide Advanced Ceramics, Cleveland, Ohio), 
Combat® BN (Standard Oil Engineered Materials, Niagara 
Falls, N.Y.), and Type S BN (ESK Engineered Ceramics, 
New Canaan, Conn.). 

A composite article of the present invention may be made 
in any of the ways known to the art for making similar 
composites that do not contain secondary reinforcing 
phases. Compression moldingjuid injection molding are the 
preferred methods. The key "difference between the methods 
known in the art and the methods required to practice the 
current invention is the addition of a secondary reinforcing 
phase to the composite. 

The secondary reinforcing phases may be incorporated 
into the composite in several ways. For example, the sec- 
ondary reinforcing fibers and BN particles may be mechani- 
cally mixed with prepregged, chopped primary reinforcing 
fibers. The preferred method is to incorporate the secondary 
reinforcing phases direcdy into the primary fiber -tow with 
the glass powder during the prepregging process. This 
method uniformly distributes the secondary reinforcing 
phases between the prepregged primary reinforcing fibers 
and eliminates any mixing that may segregate the glass from 
the other constituents. 

The secondary reinforcing phases can be incorporated 
directly into the primary fiber tow with a slurry of glass ^ 
powder, secondary reinforcing phases, and a carrier liquid. 
Preferably, the glass powder will be about -325 mesh, the 
secondary reinforcing fibers about 1 mm long, and the BN 
reinforcing particles, if used, about 1 um in diameter. The 
preferred carrier is water, although any liquid compatible 
with the binder to be added later in the process may be used. 
If secondary reinforcing fibers will be the only secondary 
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phase in the composite, the slurry should have an adequate 
amount of material to make a prepreg with about 15 volume 
percent (vol %) to about 40 vol % primary reinforcing fibers, 
about 1 vol % to about 10 vol % secondary reinforcing 
fibers, and about 50 vol % to about 84 vol % glass matrix 5 
when the carrier liquid and binder are removed. If the 
composite also will include BN particles, the slurry should 
have enough material to make a prepreg with about 15 vol 
% to about 40 vol % primary reinforcing fibers, about 1 vol 
% to about 10 vol % secondary reinforcing fibers, about 10 
vol % to about 30 vol % BN particles, and about 40 vol % 
to about 74 vol % glass matrix when the carrier liquid and 
binder are removed. The preferred amounts of glass, fibers, 
and BN particles depend on the particular application. In a 
composite containing both secondary reinforcing fibers and 
BN particles, about 4 vol % secondary reinforcing fibers and 13 
about 14 vol % BN panicles may be desirable. 

To make the slurry, an appropriate amount of glass 
powder should be added to an appropriate amount of carrier 
in a suitable container. The container should be shaken 2Q 
vigorously to disperse the glass powder in the carrier. The 
resulting glass powder/carrier slurry can be placed on a 
mixer to keep the glass powder dispersed. If the final slurry 
will contain BN particles, they should be added to the glass 
powder/carrier slurry at this point. The BN-containing slurry 2S 
should be shaken vigorously for a few minutes to initially 
disperse the BN particles and then milled to break up any 
clumps of BN particles. Preferably, the slurry will be milled 
with an ultrasonic mixer for about 15 minutes or until any 
BN clumps are broken up. A Model VT600 Vibra-Cell high 3Q 
intensity ultrasonic processor (Sonics & Materials, Danbury, 
Conn.) is a suitable ultrasonic mixer. Operating the mill at 
70% power and a 50% duty cycle (on-off cycle of 1:1) may 
be particularly effective. 

To make it easier to add the secondary reinforcing fibers 35 
to the glass powder/carrier slurry or glass powder/BN par- 
ticle/carrier slurry, the secondary fibers should first be uni- 
formly distributed in a suitable dispersant to make a disper- 
sion. The dispersant should contain a small amount of a 
wetting agent. Suitable dispersants include water and alco- 40 
hols such as methanol, ethanol, propanol, or butanol. The 
preferred dispersant is 2-propanol. The wetting agent may be 
any conventional wetting agent that is compatible with the 
dispersant and improves the dispersant's ability to wet the 
secondary reinforcing fibers. For example, if the dispersant 45 
is 2-propanol, TERGITOL® non-ionic 15-5-9 surfactant 
(Union Carbide Corporation, Research and Development 
Department, Tarrytown, N.Y.) may be an appropriate wet- 
ting agent. While the specific amounts of dispersant and 
wetting agent are not critical, enough dispersant should be 50 
used to make a fairly dilute dispersion. The amount of 
wetting agent used should be as low as possible, while still 
permitting the slurry's carrier to wet the secondary reinforc- 
ing fibers. After the dispersion has been made, it can be 
milled, preferably with an ultrasonic mill, to ensure that the 55 
secondary fibers are uniformly distributed. The dispersion 
should be slowly added to the slurry so the secondary fibers 
are uniformly distributed in the carrier as they are added and 
do not clump together, lb ensure that the secondary fibers 
are well dispersed, the slurry can be milled, preferably with go 
an ultrasonic mixer. 

After the secondary reinforcing fibers are added to the 
slurry and all milling is complete, a binder should be added 
to hold the glass powder and secondary reinforcing phases 
in place within the fiber tow during later cutting or chopping 65 
operations. The binder may be any of the binders custom- 
arily used to prepreg carbon fibers. For example, the binder 
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may be a polymeric binder that dissolves or disperses readily 
in the carrier. Preferred polymeric binders include latex- 
acrylic type polymers, such as RHOPLEX® latex-acrylic 
(Rohm & Haas Corporation, Philadelphia, Pa.), and the 
CARBOWAX® series of polymers (Union Carbide Corpo- 
rate, Danbury, Conn.), such as CARBOWAX® 4000. Alter- 
nately, the binder may be an inorganic binder that dissolves 
or disperses readily in the carrier. Preferred inorganic bind- 
ers include colloidal silica solutions, such as LUDOX® (E.I. 
DuPont de Nemours, Wilmington, Del.). 

Once the glass powder/secondary reinforcing phase/car- 
rier/binder slurry has been prepared, fiber tows are drawn 
through the slurry so the slurry saturates the fiber tow. When 
the proper proportions of the slurry constituents are used, the 
fiber tows will be impregnated with an amount of glass 
sufficient to bring the volume fraction of glass into the 
desired range. The impregnated tows are then wound onto a 
mandrel and dried. 

The dried tows are cut to a length useful with the intended 
molding process. For injection molding, for example, the 
fibers should be cut short enough to prevent clumping when 
they pass through an orifice into a mold. Preferably, primary 
fibers used for injection molding will be about 6 mm to 
about 12.7 mm in length. Finally, the impregnated tows are 
formed into desired articles by any of the methods known to 
the art for forming CFRGM composites. 

The following examples are given to demonstrate the 
present invention without limiting the invention's broad 
scope. 

EXAMPLE 1 

326 meters of HMU™ MAGNAMITE® graphite fibers 
(Hercules Incorporated, Wilmington, Del.), weighing 72. 
grams and having 3000 filaments per tow were impregnated 
with a glass powder/secondary reinforcing fiber/water/ 
binder slurry. The slurry consisted of 381 grams of -325 
mesh Corning Code 7070 borosilicate glass powder (Corn- 
ing Glass Works, Corning, N.Y.), 16.5 grams of HM-S 
carbon fibers (Hysol Grafil Co., Pittsburg, Calif.) having an 
average length of 1 mm, 50 grams of LUDOX® colloidal 
silica binder (E.I. DuPont de Nemours, Wilmington, Del.), 
500 ml of distilled water, 300 ml of 2-propanol, used as a 
dispersant for the HM-S carbon fibers, and several drops of 
TERGITOL® wetting agent (Union Carbide Corporation, 
Research and Development Department, Tarrytown, N.Y,). 
Before slowly mixing the HM-S carbon fibers into the slurry, 
the fibers were dispersed in the 2-propanol to which the 
TERGITOL® was added. After the slurry was prepared, the 
fiber yarn was unrolled from a feed spool, passed through a 
bunsen burner flame at about 6,5 meters/min to remove the 
fiber sizing, immersed in the agitated slurry to saturate the 
yarn, and wound onto a take-up mandrel. Sufficient slurry 
impregnated the yarn to add 316 grams of glass powder and 
14 grams of HM-S carbon fibers. The saturated yam was 
dried on the take-up mandrel to remove the water. 

After drying, the impregnated yam was removed from the 
take-up mandrel and cut to an average length of 12.7 mm. 
The chopped prepregged fibers, known as molding com- 
pound, were placed in the reservoir chamber of an injection 
molding apparatus that had an injection port with a width of 
5.1 mm and a length of 75 mm. The injection molding 
apparatus was placed in a vacuum hot press and heated to 
1275° C. A load calculated to apply 7 MPa to the plunger 
was applied and maintained for 30 minutes. Furnace power 
was shut off and the assembly cooled to 500° C. at which 
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point the pressure was removed. The assembly was cooled 
to room temperature and the injection molded part was 
removed from the mold. 

EXAMPLE 2 5 

355 meters of HMU™ MAGNAMTTE® graphite fibers 
weighing 76 grams and having 3000 filaments per tow were 
impregnated with a glass powder/secondary reinforcing 
fiber/BN particle/water/binder slurry by drawing the fibers to 
through the slurry as in Example 1. The slurry had 300 
grams of -325 mesh Corning Code 7070 borosilicate glass 
powder, 16.5 grams of HM-5 carbon fibers having an 
average length of 1 mm, 80 grams of hexagonal BN platelets 
(Cerac, Milwaukee, Wise), 50 grams of LUDOX® colloidal 15 
silica binder, 600 ml of distilled water, 300 ml of 2-propanol, 
used as a dispersant for the HM-S carbon fibers, and several 
drops of TERGITOL® wetting agent Sufficient slurry 
impregnated the yam to add 216 grams of glass powder, 12 
grams of HM-S carbon fibers, and 58 grams of BN platelets. 20 
The saturated yarn was dried on the take-up mandrel to 
remove the water. After drying, trie impregnated yam was 
chopped into a molding compound and injection molded as 
in Example 1. The FIGURE is a scanning electron micro- 
graph of a section of this composite. The smooth fiber is a 25 
HMU™ fiber, while the rough fiber is a HM-S fiber. The BN 
platelets are well distributed in the matrix. 

Visual analysis of composites made in these examples 
showed that the secondary reinforcing phases filled regions 
of the matrix that were not filled with primary reinforcing 30 
fibers. As a result, the composites had very few unrein- 
forced, matrix-rich regions. Later machining of composites 
of the present invention showed that they were more easily 
machined because of the presence of the BN platelets, and 
had less tendency to chip because of the decrease in matrix- 35 
rich regions, now filled with secondary fibers. 

Test data, presented in the Table, showed that the com- 
posites of the present invention had improved mechanical 
properties compared with a conventional composite. The 
conventional composite had only a Coming Code 7070 glass 40 
matrix and 1 2.7 mm long carbon fibers. 



TABLE 







Composite + 


Composite + 




Conventional 


Secondary 


Secondary 




Composite 


Fibers 


Fibers +■ BN 


Primary Fiber, 


23 


25 


24 


vol ft 








Secondary 


0 


4 


4 


Fiber, vol % 








Boron Nitride, 


0 


0 


.14 


vol % 








Weibull 


4.35 


Insufficient 


6.52 


Modulus 




Data 




Flexurel Elastic 


5.0 


5.9 


9.5 


Modulus, 








10 6 psi 








Flexural 


19 


24 


21 


Strength, 10 3 psi 








Oxidized 


5 


16 


20 


Flcxural 








Strength, 10 3 psi 








Apparent 


0.60 
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These data show that the composites with secondary 
reinforcing phases had better elastic moduli and flexural 65 
strength than the conventional composite. The composite 
with secondary fibers and BN also had a higher Weibull 
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modulus than the conventional composite, indicating that it 
is more reliable. Although there was not enough data to 
calculate a Weibull modulus for the composite with second- 
ary fibers, the low scatter in the available data indicate that 
it also would have a higher Weibull modulus than the 
conventional composite. In addition to improving these 
properties, the secondary reinforcing phases make crack 
paths through the matrix longer and more tortuous. As a 
result, the composites with secondary reinforcing phases 
have improved toughness and work of fracture compared 
with^the conventional composite. The oxidized flexural 
strength-data, show that the secondary reinforcing phases 
also improved the oxidative stability of the composites of 
the present invention. These data were taken from compos- 
ites that were held in oxygen at 450° C. for 100 hours. The 
secondary reinforcing phases improve oxidative stability by 
decreasing the amount of matrix microcracking. The appar- 
ent porosity data show the extent to which the secondary 
reinforcing phases decreased matrix microcracking. In addi- 
tion to acting as a secondary reinforcing phase, the BN 
platelets also reduce the coefficient of friction of composites 
of the present invention. This improvement is especially 
important after heat treating when some of the carbon fibers 
at the composite's surface are oxidized. 

EXAMPLE 3 

Six compressor inner shrouds for a gas turbine engine 
were made from composites of the present invention. Three 
shrouds contained 76.8 vol % borosilicate glass, 19.5 vol % 
primary discontinuous carbon fibers, and 3.7 vol % second- 
ary carbon fibers. The other three shrouds contained 59.4 vol 
% borosilicate glass, 22.9 vol % primary discontinuous 
carbon fibers, 3.6 vol % secondary carbon fibers, and 14.1 
vol % BN platelets. These shrouds were tested in an engine 
for more than 285 hours at temperatures above 315° C. Both 
shrouds performed acceptably and showed no signs of 
structural failure at the end of the test. Compared with 
shrouds made from conventional composites, the shrouds 
made with composites of the present invention showed 
improved wear and oxidation resistance. Therefore, shrouds 
made from composites of the present invention will poten- 
tially have longer service lives than shrouds made from 
conventional composites. 

The composites of the present invention provide several 
benefits over prior art composites. For example, composites 
of the present invention have improved matrix toughness, 
strength, stiffness, machinability, reliability, oxidative sta- 
bility, and lubricity compared with prior art composites. A 
person skilled in the art would be able to identify many uses 
of a composite of the present invention. 

The invention is not limited to the particular embodiments 
shown and described herein. Various changes and modifi- 
cations may be made without departing from the spirit or 
scope of the claimed invention. 

We claim: 

1. A fiber reinforced glass matrix composite, comprising 
a glass or glass-ceramic matrix and a plurality of primary 
continuous or discontinuous reinforcing fibers dispersed in 
the matrix, characterized in that: 
the composite further comprises a plurality of discontinu- 
ous secondary reinforcing fibers dispersed in the matrix 
such that the secondary reinforcing fibers fill regions of 
the matrix not filled with the primary reinforcing fibers, 
wherein the. secondary reinforcing fibers are shorter 
than the primary fibers, wherein the secondary rein- 
forcing fibers are about 0.5 mm to about 2 mm long. 
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2. A carbon fiber reinforced glass matrix composite, 
comprising a borosilicate glass matrix and a plurality of 
continuous or discontinuous carbon primary reinforcing 
fibers dispersed in the matrix, characterized in that; 

the composite further comprises about 1 vol % to about 1 0 5 
vol % of discontinuous carbon secondary reinforcing 
fibers dispersed in the matrix such that the second 
reinforcing fibers fill regions of the matrix not filled 
with the primary reinforcing fibers, wherein the sec- 
ondary reinforcing fibers are about 0.5 mm to about 2 10 
mm long. 

3. The composite of claim 2, further Comprising about 10 
vol % to about 30 vol % of -boron nitride reinforcing 
particles dispersed in the matrix. 

4. A fiber reinforced glass matrix composite, comprising 15 
a glass or glass-ceramic matrix and a plurality of primary 
continuous or discontinuous reinforcing fibers dispersed in 
the matrix, characterized in that: 

the composite further comprises a plurality of discontinu- 
ous secondary reinforcing fibers dispersed in the matrix 
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such that the secondary reinforcing fibers fill regions of 
the matrix not filled with the primary reinforcing fibers, 
wherein the secondary reinforcing fibers are shorter 
than the primary fibers, wherein the primary reinforc- 
ing fibers are discontinuous fibers about 3 mm to about 
25 mm long and the secondary reinforcing fibers are 
about 0.5 mm to about 2 mm long. 

5. The composite of claim 2 wherein the primary rein- 
forcing fibers are discontinuous fibers about 3 mm to about 
25 mm long. 

6. The composite of claim 2 comprising about 15 vol % 
to about 40 vol % primary reinforcing fibers and about 50 
vol % to about 84 vol % glass matrix. 

7. The composite of claim 3 comprising about 15 vol % 
to about 40 vol % primary reinforcing fibers and about 40 
vol % to about 74 vol % glass matrix. 

* * * * * 
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